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The Endoplasmic Reticulum Adaptor Protein ERAdP 
Initiates NK Cell Activation via the Ubc13-Mediated 


NF-kB Pathway 


Jun Chen,*"! Lu Hao,**' Chong Li,” Buqing Ye,* Ying Du,” Honglian Zhang,* 
Bo Long,* Pingping Zhu,* Benyu Liu,* Liuliu Yang,* Peifeng Li,? Yong Tian," and 


Zusen Fan* 


NK cells play a pivotal role in innate immune responses against pathogenic infections. However, the underlying mechanisms driving 
defined NK functions remain largely elusive. In this study, we identified a novel endoplasmic reticulum (ER) membrane protein, ER 
adaptor protein (ERAGdP), which is constitutively expressed in human and mouse NK cells. ERAdP is expressed at low levels in 
peripheral NK cells of hepatitis B virus—associated hepatocellular carcinoma patients. We show that ERAdP initiates NK cell 
activation through the NF-KB pathway. Notably, ERAdP interacts with ubiquitin-conjugating enzyme 13 (Ubc13) to potentiate its 
charging activity. Thus, ERAdP augments Ubcl3-mediated NF-kB essential modulator ubiquitination to trigger the Ubc13- 
mediated NF-kB pathway, leading to NK cell activation. Finally, ERAdP transgenic mice display hyperactivated NK cells that 
are more resistant to pathogenic infections. Therefore, understanding the mechanism of ERAdP-mediated NK cell activation will 
provide strategies for treatment of infectious diseases. The Journal of Immunology, 2015, 194: 1292-1303. 


atural killer cells, a major innate immune component, are 
defined as large granular lymphocytes, representing the 
third largest lymphoid cell population in mammals, and are 
critical in innate immune responses (1, 2). Cytokine secretion and 
direct killing are the two major effector functions of NK cells (3), 
acting as the first line of defense against pathogen infection and 
transformed tumors. NK cells can directly eradicate transformed 
or virus-infected cells very effectively (4-6). These functions are 
mediated by a series of germline-encoded receptors to deliver ac- 
tivating or inhibitory signals (7, 8). Besides their cytotoxic activity, 
NK cells robustly produce vast amounts of cytokines and chemo- 
kines (1, 3). IFN-y produced by NK cells has been proven to exert 
critical roles in defense against pathogens as well as in immune 
regulation (9-11). However, the molecular mechanisms of NK cell 
activation have not yet been fully defined. 
NF-kB was first reported to recognize the enhancer sequences in 
the gene encoding the Igx L chain in B lymphoma (12). The NF-KB 
pathway plays a pivotal role in IFN-y production of NK cells. After 


ligand binding or target cell adhesion, the NK cell surface receptors 
initiate an intracellular signaling cascade involving the activation of 
several major kinases and signaling complexes, ultimately leading 
to NF-«B activation. The ligand binding initially activates the 
receptor-associated Src kinases to phosphorylate Carmal. Carmal 
phosphorylation promotes the Carma1/Bcl10/Maltl (CBM) com- 
plex assembly, which recruits the ubiquitination machine E3 
(TNFR-associated factor [TRAF]6)/E2 (ubiquitin-conjugating en- 
zyme 13 [Ubc13]) complex and the NF-kB essential modulator 
(NEMO, also called IkB kinase [IKK] y)/IKKa/8 (IKK) complex 
(13). The ubiquitination of NEMO and phosphorylation of IKKa/B 
lead to full activation of the IKK complex and subsequent phos- 
phorylation, which causes ubiquitination and degradation of its 
substrate IkBa (14), a cytoplasmic inhibitor of NF-KB. IkBa 
degradation releases the NF-KB and the free NF-KB is phosphory- 
lated, which enters the nucleus to initiate target gene transcription. 

The IKK complex is a central regulator of the NF-kB pathway, 
acting as a major target for ubiquitination and phosphorylation 
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regulation. TRAF6 is the E3 ligase of NEMO and mediates its 
K63-linked ubiquitination, which transduces activating signals to 
initiate activation of the IKK complex (15, 16). Ubc13 has been 
defined as the E2 ligase of this process and is an essential com- 
ponent of the ubiquitination machinery for NF-«B activation (15, 
17, 18). Ubc13 deficiency in thymocytes leads to abolished ubiq- 
uitination of NEMO and phosphorylation of TGF-B-activated ki- 
nase 1 (19). Ubc13 forms a complex with Uevla (human homolog of 
yeast Mmsz2) as an E2 ligase (20, 21). In the E2/E3 complex, TRAF6 
selects substrates and Ubc13 ingeniously determines the linkage 
specificity and the length of polyubiquitin chains (18, 22-24). Ubc13 
was reported to be important for TCR signaling of T lymphocytes 
(19). However, it is unclear whether and how Ubc13 is involved in 
NK cell activation. In this study, we identified a novel endoplasmic 
reticulum (ER) membrane protein, which we call ER adaptor protein 
(ERAdP). ERAdP is constitutively expressed in NK cells. ERAdP 
interacts with Ubc13 to activate the Ubc13-mediated NF-KB path- 
way, leading to NK cell activation. 


Materials and Methods 


Cell culture 


293T and 293A cells were grown in DMEM (Life Technologies) with 10% 
FBS (Life Technologies), 50 uM 2-ME, 100 U/ml penicillin, and 100 mg/ml 
streptomycin. Transient transfection was performed using Neofectamine 
(Qiagen) following the manufacturer’s protocol. NKL and primary NK cells 
were cultured in RPMI 1640 medium (Life Technologies) with 500 U/ml 
IL-2 and 10% FBS. 


Abs and reagents 


We used the following Abs: anti-EEA1, anti-calreticulin, and anti-COX IV 
Abs (Abcam); anti-enhanced GFP and anti-CD3-FITC Abs (Tianjin Sun- 
genebiotech); anti—B-actin, anti-Flag, and anti-His Abs (Sigma-Aldrich); 
anti-IFN-y-PE, anti-NK1.1-allophycocyanin, anti-DX5-FITC, anti-TNF- 
a-FITC, and anti-CD56-allophycocyanin Abs (eBioscience); anti-phospho- 
IkBa, anti-IKKB, anti-phospho-p65, anti-phospho-ERK1/2, anti-ERK1/2, 
anti-histone 3, anti-phospho-PI3K-p85, anti-PI3K-p85, and anti-phospho- 
IKKa/B Abs (Cell Signaling Technology); anti-IxBa, anti-NEMO, anti- 
TRAF6, anti-Carmal, anti-Maltl, and anti-Bcll10 Abs (Santa Cruz 
Biotechnology); anti-Ubc13 Ab (Invitogen); and anti-ubiquitin Ab (Enzo 
Life Sciences). All secondary Abs were from Zhongshan Jinqiao Company. 
Polyclonal anti-ERAdP Ab was generated from keyhole limpet hemocyanin- 
linked ERAdP peptides by our own laboratory. PMA/ionomycin (IONO), 
NF-«B inhibitor (BAY 11-7085), PI3K inhibitor (wortmannin), polylysine, 
and cycloheximide were from Sigma-Aldrich; brefeldin A was from eBio- 
science. The CD2 promotor—driven transgenic (Tg) vector was a gift from 
Dr. André Veillette (Institut de Recherches Cliniques de Montréal, Montreal, 
QC, Canada). The Ubc 13 inhibitor (compound NSC697923) was a gift from 
Dr. Jiyong Zhao (University of Rochester Medical Center, Rochester, NY) 
and the National Cancer Institute Developmental Therapeutic Program. 


Gene expression profiling through microarray 


Total RNA was extracted from peripheral NK cells of hepatitis B virus 
(HBV)-associated hepatocellular carcinoma (HCC) patients and healthy 
donors using standard RNA extraction protocol, followed by DNase in- 
cubation to remove nuclear DNA. The quality of RNA was monitored by 
NanoDrop, and the integrity of RNA was tested by agarose gel electro- 
phoresis. Total RNA was subjected to labeling and array hybridization 
using a Phalanx Human OneArray expression array according to the 
manufacturer’s instructions (Phalanx Biotech Group). The hybridized ar- 
ray was scanned using the GenePix 4100 microarray scanner (Molecular 
Devices), followed by grid alignment and expression analysis using the 
OneArray software. The microarray data have been deposited in National 
Center for Biotechnology Information Gene Expression Omnibus database 
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63214) under ac- 
cession number GSE63214. The collection of human blood samples was 
approved by the Medical Research Ethics Committee at the Institute of 
Biophysics, Chinese Academy of Sciences. 


NK cell transfection 


NKL cells were nucleofected as reported (25). Briefly, a total of 2 x 10° 
cells were resuspended in 100 wl Amaxa kit V, mixed with 300 pmol short 
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hairpin RNA (shRNA), and immediately transfected with program O-017 
in the Amaxa Nucleofector system. Cells were incubated for at least 36 h 
and then stimulated with PMA/IONO to detect IFN-y expression by flow 
cytometry or ELISA. For stably transfected NKL cells, NKL cells were 
transfected with replication defective virus packed by lentivirus-based 
vector pSin, gag-pol, and envelope plasmids and selected by 0.25 uM 
puromycin to establish stably transfected cell lines. 


Yeast two-hybrid screening 


Yeast two-hybrid screening was performed using a Matchmaker gold yeast 
two-hybrid system (Clontech/TaKaRa) under the guidelines provided by 
the manufacturer. Briefly, ERAdP was subcloned into the pGBKT7 vector 
with DNA binding domain (BD) (BD-ERAdP). Yeast AH109 cells were 
transfected with BD-ERAdP and plasmids containing a human spleen 
cDNA library (Clontech/TaKaRa) and then plated on SD medium lacking 
adenine, histidine, tryptophan, and leucine. Selected clones were isolated 
and identified by DNA sequencing. Recovery of the plasmids and X-a-gal 
assay were carried out as described (26). AD-p53 and BD-large T Ag were 
cotransfected as a positive control (Ctrl). 


Coimmunoprecipitation and immunoblotting 


Coimmunoprecipitation and immunoblotting were done as previously de- 
scribed (27). Six-well dishes of 293T cells were grown overnight and each 
dish was transfected with a total of 1—4 wg of the indicated plasmids using 
Neofectamine (Qiagen). After 48 h, cells were lysed in 600 pl cold lysis 
buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 2 mM EDTA, and 0.25% 
Nonidet P-40 supplemented with protease and phosphatase inhibitor 
cocktails). Cell lysates were subjected to immunoprecipitation with the 
indicated Abs. Immunoprecipitations were incubated at 4°C overnight. 
Immunoprecipitates were washed three times with lysis buffer. The beads 
were then boiled in 25 pl SDS sample loading buffer and subjected to 
Western blotting. 


NKL cell fraction isolation 


Mitochondrial and ER membrane fractions were purified on discontinuous 
sucrose gradients from NKL cells as previously described (28). Briefly, cells 
in fraction isolation buffer (Tris-HCl [10 mM, pH 7.4], mannitol (0.27 M), 
0.1 mM EDTA, protease, and phosphatase inhibitor cocktails) were sub- 
jected to homogenization. After centrifugation at 700 X g at 4°C for 10 min, 
the supernatant (postnuclear solution) was saved. The postnuclear solution 
was centrifugated at 15,000 X g for 10 min. The pellet was resuspended in 
fraction isolation buffer, layered on discontinuous sucrose gradients (1.0 and 
1.5 M sucrose in 10 mM Tris-HCl [pH 7.5]) and centrifuged at 60,000 x g 
for 30 min. The mitochondrial and endosomal fractions were collected and 
pelleted by centrifugation at 17,000 X g for 25 min. To isolate ER fractions, 
postmitochondrial supernatants were layered on discontinuous sucrose gra- 
dients (1.3, 1.5, and 2.0 M sucrose in 10 mM Tris-HCl [pH 7.5]) and 
centrifuged at 87,000 X g for 100 min. The membrane enriched at the in- 
terface between the supernatant and the 1.3 M sucrose was the ER fraction. It 
was collected and pelleted by centrifugation at 87,000 X g for 45 min and 
the pellets were resuspended in PBS and prepared for Western blot analysis. 


In vitro ubiquitination reconstitution assay 


Assays were performed in ubiquitination reaction buffer (50 mM Tris-HCl 
[pH 8.0], 5 mM MgCl, 2 mM ATP). His-Ubel (0.0125 mM), 0.4 mM E2 
(His-UBC13/Uevla), His-ubiquitin (40 mM), 0.2 mM recombinant E3 
(Flag-TRAF6), and 0.2 mM Flag-NEMO were incubated with or without 
recombinant Flag-ERAdP. Reaction mixtures were incubated at 37°C for 2 h. 
Reactions were stopped by SDS loading buffer and samples were immu- 
noprecipitated by anti-NEMO Ab and immunoblotted with anti-His Ab. 


Ubc13 charging activity assay 


Charging reaction was performed in ubiquitin charging reaction buffer 
(50 mM Tris-HCl [pH 8.0], 5 mM MgCl, and 1 mM ATP). Reaction buffer 
containing recombinant His-Ubel (0.04 mM), His-Ubc13 (2 mM), and 
His-ubiquitin (5 mM), with or without recombinant Flag-ERAdP protein 
(5 mM), was assembled and incubated at 37°C for 40 min. Samples were 
immunoblotted with anti-Ubc13 Ab. 


Generation of Flag-ERAdP Tg mice 


Mouse experiments were approved by the Institutional Animal Care and 
Use Committee at the Institute of Biophysics, Chinese Academy of Sci- 
ences. Eggs from hormonally superovulated female CS7BL/6 mice were 
microinjected with purified linear CD2-Flag-ERAdP expression vector. 
Injected fertilized eggs were transplanted into the oviduct of pseudopregnant 
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F; hybrids of C57BL/6 mice. Then, founder mice were identified by PCR 
analysis of genomic DNA from the tails of Tg mice offspring. Founder mice 
were crossed with wild-type C57BL/6 mice to generate the Tg and littermate 
Ctrl mice used for all experiments. 


Listeria monocytogenes infection 


For survival curve analysis, Tg and Ctrl mice were i.p. injected with 2 X 10° 
L. monocytogenes without or with depletion of NK cells by anti-Asialo GM1 
mAb. Death rates were observed daily until day10. For sublethal dose 
infections, mice were inoculated i.p. with 3 X10° L. monocytogenes. Bac- 
teria in the spleen and liver were measured on day 3 postinfection. Spleen 
and liver were homogenized with PBS and the supernatants were streaked 
on plates at various titrations. Total colonies of liver or spleen were calcu- 
lated after incubation at 37°C overnight. IFN-y detection by flow cytometry 
was performed at 24 h after sublethal dose infection, whereas IFN-y was 
detected by ELISA in Tg and Ctrl mice on day 3 postinfection. 
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— — 
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ERAdP mRNA (fold) 
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FIGURE 1. ERAdP is an ER protein that 
is constitutively expressed in NK cells. (A) 
ERAGP is constitutively expressed in im- 
mune organs. Total RNAs were extracted 
from murine tissues and analyzed by 
quantitative RT-PCR. Expression was nor- 
malized to GAPDH and is presented as 
fold change relative to ERAdP expression 
in heart. Graphs are shown as means + SD. 
(B) ERAdP is highly expressed in NK cells 
and CD8* T cells. Mouse blood cell types 
were isolated by a FACS sorter and their 
RNAs were extracted for quantitative RT- 
PCR assays. ERAdP mRNA expression 
levels of each cell type were normalized 
to GAPDH from the same cell type. The 
value of CD4* T cells was set as 1. Fold 
change was relative to the ERAdP expres- 
sion in CD4* T cells. (C) ERAdP is lo- 
calized on ER. Flag-ERAdP plasmids were 
transfected into NKL cells for 24 h and 
were analyzed by immunofluorescence 
staining. Calreticulin staining red stands 
for ER, EEA1 for early endosomes, and 
MitoTracker staining red for mitochondria 
(middle panels). Flag-ERAdP staining green 
(left panels) and merged images (right 
panels). Original magnification X400. Scale 
bars, 5 um. (D) NKL cell lysates were 
fractionated by discontinuous sucrose gra- 
dient ultracentrifugation. Purified fractions 
were probed by immunoblotting. 
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ERAdP INITIATES NK CELL ACTIVATION 


Statistical analysis 


A Student ż test was used for statistical analysis with SigmaPlot software. 


Results 
ERAdP is a conserved ER membrane protein and is 
constitutively expressed in NK cells 


We previously demonstrated that chronic HBV carriers and HBV- 
associated HCC patients display low rates of granzyme H* NK 
cells in the periphery and in livers (5). We then carried out DNA 
microarray analysis of peripheral NK cells from HBV-associated 
HCC patients versus healthy donors. We analyzed differentially 
expressed genes in HBV-associated HCC patients. Among the 
lowly expressed differential genes, we focused on a novel gene 
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variant of TMEM188. We cloned the full length of the new variant 
TMEM188, called ERAdP, which was submitted to GenBank 
(FJ516381.1). ERAdP was highly expressed in peripheral NK cells 
in healthy donors (Supplemental Fig. 1A) but was downregulated in 
HBV-associated HCC patients, as was the case with immune ef- 
fector molecules such as perforin and granzyme H (5). These data 
suggest that ERAdP may positively regulate NK cell activation. 
ERAdP contains 125 aa residues and is highly conserved in 
vertebrates. It shares the same protein sequence as its mouse 
ortholog, ~97.6% sequence identity with the frog, and even 53% 
identity with the fly (Supplemental Fig. 1A). ERAdP mRNA was 
ubiquitously transcribed in a variety of mouse tissues, but it was 
highly expressed in immune-related organs (Fig. 1A). Notably, 
ERAdP mRNA was highly expressed in NK and CD8* T cells in 
wild-type mice (Fig. 1B). In contrast, it was lowly expressed in 
other immune cells, including CD4* T cells, B cells, monocytes, 
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and neutrophils. Similar results were also observed in human 
counterpart cells (data not shown). 

Because ERAdP has two putative transmembrane domains 
(Supplemental Fig. 1B), we next examined its exact cellular lo- 
calization. We overexpressed ERAdP in human NKL cells with 
a Flag tag and observed that ERAdP was localized on the ER 
membrane, but not on the mitochondria or early endosomes (Fig. 
1C). These observations were further verified by organelle frac- 
tionation analysis of NKL cells (Fig. 1D). Additionally, to further 
determine whether the two transmembrane domains of ERAdP 
were essential for the ER location, we overexpressed ERAdP in 
human 293A cells with an enhanced GFP tag. ERAdP residing in 
the ER was also displayed in 293A cells (Supplemental Fig. 1C). 
Importantly, deletion of each transmembrane domain of ERAdP 
abolished its ER residence (Supplemental Fig. 1D), suggesting 
that both of the transmembrane domains were essential for ER 


NX 
A vis Cc D 
Veer P/I 
VEL 
SOS 9.87 
mo-[ 2 |ERAGP z — m shCtrl mashCtrl 
, E CoshERAdP#2 CshERAdP#2 
43ko- "= s= -actin Q a10 0 
B e 88 = 600 
mashCtrl mashCtrl 156 > 
_... COshERAdP#2 CoshERAdP#2 y oo a 00 
51000 RA 6000 PN 3.07 >- 5 
© 800 = z £2 i LL 200 j 
= = < | =a 
<< 600 = 4000 ow x 0 = 0 =. 
Z 400 è WS . DMSO Pil IgG o-NKG2D 
E 200 Š 2000 9. +0-2B4 
© m 7 
= 2 | 
YS oS o Lam-e- 
DMSO P/I DMSO P/I 
E 8 G 
aS 
SS DMSO P/I 
CO x 0.05 9.19 
<“ a © 9.19 Vector 
tom) = Flag-ERAdP S m Flag-ERAdP 
—— ERAdP o j” Q Eo” 5 
> 4 oe Fal 20 


43k0— = -actin 


© Vector 
m Flag-ERAdP 
000 


Vector 
m Flag-ERAdP 


Flag-ERAdP 


CD56 


© 
N 
%IFNy + NK cells 
N 


5 

0 
cael! 
ie 


DMSO P/I 


IFNG mRNA (fold) -m 
Ny 


DMSO PII DMSO P/I 


10000 = 8 = l Ag 
9000 E 6000 z 0 JA 
6000 D F 
4000 2 4000 i naie ae iae la ia aa e a 
2000 = 2000 IFN-y —————— 
2 
ae 50 


FIGURE 2. ERAdP potentiates NK cell activation to induce IFN-y production. (A) ERAdP was silenced by shERAdP. ERA@P stably depleted NKL cell 
lines were established by puromycin selection. (B) ERAdP-silenced NKL cells dramatically decline IFN-y secretion. After 6 h of PMA (50 ng/ml)/IONO 
(1 pg/ml) treatment, IFNG mRNA was detected by quantitative RT-PCR; results are relative to those of scramble Ctrl cells (left panel). Protein levels of 
IFN-y in NK cell supernatants were analyzed by ELISA assays after 24 h with PMA/IONO stimulation (right panel). (C) IFN-y expression was verified by 
flow cytometry. ERAdP-silencing NKL cells were treated with PMA/IONO for 6 h (left panel), followed by brefeldin A (10 g/ml) treatment for in- 
tracellular IFN-y staining. Data from three independent experiments are shown as means + SD (right panel). (D) ERAdP silencing also decreases IFN-y 
generation by crosslinking with NK cell receptors. Anti-NKG2D plus anti-2B4 Abs were precoated on 96-well plates at 4°C overnight. Silencing ERAdP 
NKL cells and scramble Ctrl cells were cultured in precoated wells for 24 h. Supernatants were collected for IFN-y detection by ELISA assays. (E) ERAdP 
stably overexpressing NKL cell lines were generated by puromycin selection. (F) ERAdP overexpressing NKL cells remarkably increases IFN-y pro- 
duction. Detection of mRNA (left panel) and protein levels (right panel) of IFN-y in ERAdP-overexpressing NKL cells was as above. (G) Flow cytometry 
analysis of IFN-y expression in ERAdP-overexpressing NKL cells stimulated with PMA/IONO for 6 h (left panel). Statistical data from three independent 
FACS experiments are shown as means + SD (right panel). **p < 0.01. 
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localization of ERAdP. Taken together, ERAdP is a highly conserved 
ER membrane protein, which is constitutively expressed in NK cells. 


ERAdP initiates IFN-y production of NK cells 


To determine functions of ERAdP in NK cells, we knocked 
down ERAdP expression in human NKL cells and established 
stable ERAdP-silencing cell lines (Fig. 2A). PMA and IONO 
can directly activate protein kinase C kinases to induce NF-kB 
activation in lymphocytes. After PMA/IONO treatment, ERAdP- 
silenced NKL cells dramatically declined IFN-y generation both 
in mRNA and protein levels compared with those of scramble 
shRNA-treated cells (Fig. 2B). These phenomena were confirmed 
by flow cytometry (Fig. 2C). To exclude off-targeting effects of 
shRNA-mediated gene silencing, we designed two independent 
shRNA sequences against ERAdP mRNA and both of them ef- 
fectively silenced ERAdP and IFN-y expression in NKL cells 
(data not shown). Additionally, we still checked TNF-a and GM- 
CSF production after ERAdP depletion. We noticed that ERAdP 
silencing also reduced the production of TNF-a and GM-CSF 


C 


ERAdP INITIATES NK CELL ACTIVATION 


(data not shown). NK cells use various receptors to recognize 
their corresponding ligands for NK cell activation. Synergistic 
coactivation by NKG2D and 2B4 receptors was reported to acti- 
vate NK cells and induce IFN-y production (25). We found that 
ERAdP-silenced NKL cells secreted much less IFN-y by cross- 
linking with NKG2D and 2B4 receptors (Fig. 2D). These data 
suggest that ERAdP facilitates IFN-y secretion of NK cells in both 
PMA/IONO stimulation and physiological crosslinking of the 
activation receptors. 

We next transfected NKL cells with lentivirus encoding ERAdP 
and obtained NKL cell lines stably overexpressing Flag-ERAdP 
(Fig. 2E). With PMA/IONO treatment, ERAdP overexpression 
remarkably increased IFN-y expression compared with those of 
empty vector—transfected Ctrl cells (Fig. 2F, 2G). Additionally, 
ERAdP overexpression also increased the generation of TNF-a 
and GM-CSF (data not shown). Similar results were obtained by 
crosslinking NKG2D and 2B4 receptors (data not shown). In 
summary, ERAdP can induce NK cell activation to promote cy- 
tokine secretion. 
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FIGURE 3. ERAdP mediates NK cell activation via the NF-kB pathway. (A-C) The NF-kB pathway but not the PI3K pathway is required for ERAdP- 
mediated IFN-y secretion. Flag-ERAdP-overexpressing NKL cells or Ctrl cells were pretreated with the NF-kB inhibitor (BAY11-7085) or the PI3K 
inhibitor (wortmannin) for 2 h, followed by PMA/IONO treatment for 6 (A and C) or 24 h (B). Samples were analyzed for IFN-y. PMA/IONO-treated cells 
were used as experimental Ctrls. (D and E) ERAdP promotes p65 activation. ERAdP-overexpressing (D) or depleted (E) NKL cells were stimulated with 
PMA/IONO for the indicated times. Nuclear and cytosolic portions were separated and probed with the indicated Abs. (F) ERAdP silencing dramatically 
promotes degradation of IkBa. ERAdP-silencing NKL cells and Ctrl cells were stimulated with PMA/IONO for the indicated times followed by im- 
munoblotting. B-Actin served as a loading Ctrl. (G) ERAdP silencing does not affect the PISK and ERK pathways. NKL cells were stimulated with 
PMA/IONO for the indicated times followed by immunoblotting. Data are representative of at least three independent experiments. **p < 0.01. 
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ERAdP-mediated IFN-y production requires the NF-KB 
activation pathway 


To examine whether ERAdP regulates the NF-kB pathway, we pre- 
incubated NKL cells with the NF-kB inhibitor BAY11-7085 before 
PMA/IONO stimulation. Interestingly, we found that the NF-KB 
inhibitor completely blocked ERAdP-mediated IFN-y production 
(Fig. 3A—C). However, the PI3K inhibitor wortmannin had no such 
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activity (Fig. 3B, 3C). Consequently, the phosphorylation of p65 
occurred more rapidly at early time points in cells overexpressing 
ERAdP (Fig. 3D). However, ERAdP-silenced NK cells almost 
blocked the phosphorylation of p65 (Fig. 3E), as well as the phos- 
phorylation of IkBa (Fig. 3F). Additionally, ERAdP silencing did not 
affect PI3K or ERK signaling pathways (Fig. 3G). These data indicate 
that ERAdP specifically facilitates the NF-KB activation pathway. 
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FIGURE 4. ERAdP associates with Ubc13 to promote NEMO ubiquitination. (A) Ubc13 is an interacting protein of ERAdP via yeast two-hybrid 


screening. Yeast AH109 strain was cotransfected with Gal4 DNA binding domain (BD) fused with ERAdP and Gal4 activating domain (AD) fused with 
Ubc13. p53 and large T Ag was used as a positive Ctrl. (B) ERAdP directly interacts with Ubc13. Recombinant Flag-ERAdP and Ubc13-His were incubated 
at 4°C for 4 h and precipitated with anti-Flag or anti-His Abs, followed by immunoblotting. (C) The association of ERAdP with Ubc13 was confirmed by 
coimmunoprecipitation. 293T cells were transfected with Flag-ERAdP and Ubc13-Myc plasmids for 48 h. Cells were harvested and lysates were pre- 
cipitated with anti-Flag or anti-Myc Abs. (D) The association of ERAdP with Ubc13 appears in NK cells. NKL cells were stimulated with PMA/IONO for 
15 min and lysates were immunoprecipitated with anti-Ubc13 Ab. (E and F) ERAdP augments the interaction of Ubc13 with Uevla and Ubc13 with 
TRAFO. 293T cells were transfected with the indicated plasmids and detected by immunoprecipitation assays. (G and H) ERAdP overexpression enhances 
K63-linked ubiquitination of NEMO. Flag-NEMO, Ub-Myc, Ub-K48R-Myc, Ub-K63R-Myc, Flag-TRAF6, Ubc13-Myc, and Flag-ERAdP were transfected 
into 293T cells for 48 h. Cell lysates were immunoprecipitated with anti- NEMO Ab and probed with anti-Myc Ab. (I) ERAdP-enhanced ubiquitination of 
NEMO was verified by an in vitro ubiquitination reconstitution assay. In vitro ubiquitination assays were performed by incubating the indicated purified 
recombinant proteins and ATP in the ubquitination reaction buffer at 37°C for 2 h. Samples were immunoprecipitated by anti-NEMO Ab and immuno- 
blotted with anti-His Ab. (J) ERAdP promotes NF-KB activation through a luciferase reporter assay. Flag-ERAdP, Ubc13-Myc, Flag-TRAF6, and luciferase 
reporter vectors were transfected into 293T cells for 48 h. Lysates were harvested and NF-KB activation was determined by luciferase reporter assays. Data 
are representative of three independent experiments. **p < 0.01. 
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ERAdP activates the NF-kB pathway via regulation of NEMO 
ubiquitination 

Activation of the NF-kB pathway encompasses several key steps, 
including the CBM complex assembly, phosphorylation of IKKa/B, 
and ubiquitination of NEMO (also called IKKy). Intriguingly, 
Carmal assembled the same amount of Bcl10/Malt1 subcomplex 
in ERAdP-silenced NKL cells as did that of scramble-treated Ctrl 
NKL cells (Supplemental Fig. 2A). Furthermore, phosphorylation 
of IKKa/8 was comparable in ERAdP-silenced compared with 


ERAdP INITIATES NK CELL ACTIVATION 


scramble-treated Ctrl NKL cells (Supplemental Fig. 2B). However, 
ERAd@P silencing significantly declined ubiquitination of NEMO 
compared with scramble-treated Ctrl NKL cells (Supplemental Fig. 
2C). These results suggest that ERAdP activates the NF-KB path- 
way via modulation of ubiquitination of NEMO. 


ERAaP interacts with Ubc13 to mediate K63-linked 
ubiquitination of NEMO 


To determine the molecular mechanism of ERAdP-mediated NF- 
kB activation pathway, we screened a human spleen cDNA library 
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FIGURE 5. ERAdP potentiates the charging activity of Ubc13. (A and B) ERAGP does not affect the stability of Ubc13 and TRAF6. After preincubation 
of cycloheximide (CHX) (20 ug/ml) for 2 h, NKL cells were stimulated with PMA/IONO for the indicated times, followed by immunoblotting. (C and D) 
ERAd@P enhances the charging activity of Ubc13. Recombinant His-Ubal, His-Ubc13, and His-Ub were incubated in charging buffer at 37°C for 40 min, 
with or without Flag-ERAdP (C) and with different doses of Flag-ERAdP (D). Ubc13 charging activity was analyzed by immunoblotting with anti-Ubc13 
Ab. (E) The Ubc13 inhibitor blocks the ERAdP-enhanced charging activity of Ubc13. The Ubc13 inhibitor NSC697923 (2 uM) was pretreated for 1 h prior 
to incubation with other components. (F) The Ubc13-C87A mutant blocks the charging activity of Ubc13. Ubc13-WT or inactive mutant Ubc13-C87A was 
incubated with E1 (His-Ube1), His-Ub, and ATP in charging buffer at 37°C for 40 min. (G) The Ubc13-C87A mutant also blocks the ubiquitination of 
NEMO. Ubc13-WT or Ubc13-C87A was incubated with the in vitro ubiquitination system components as described in Fig. 4. 
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to identify ERAdP’s interacting protein by using a yeast two- 
hybrid assay. Ubc13 was identified as an interacting protein of 
ERAdP (Fig. 4A). Ubc13 was reported to catalyze K63-linked 
polyubiquitin chains for many important proteins as an E2 
ligase (16). Deletion of Ubc13 in T lymphocytes causes defective 
ubiquitination of NEMO and abolishes activation of NF-«B sig- 
naling (19). Thus, we proposed that ERAdP may activate NK cells 
through the Ubc13-mediated NF-KB activation pathway. We found 
that recombinant Flag-ERAdP and Ubc13-His can directly interact 
with each other (Fig. 4B). Moreover, their interaction was con- 
firmed by coimmunoprecipitation in 293T cells (Fig. 4C) and 
NKL cells (Fig. 4D). With PMA/IONO stimulation, the associa- 
tion of endogenous ERAdP and Ubc13 was dramatically aug- 
mented in NKL cells (Fig. 4D). These data suggest that NK cell 
activation can enhance the association of ERAdP and Ubc13. 
Ubc13 binds Uevla to form the E2/E3 complex with TRAF6. 
Ubc13 and TRAF6 were reported to mediate ubiquitination of 
NEMO (16). We proposed that ERAdP may promote NEMO 
ubiquitination via the assistance of Ubc13. Surprisingly, we found 
that ERAdP markedly strengthened the association among Ubc13 
with Uevla and TRAF6 (Fig. 4E, 4F), suggesting that ERAdP 
helped the assembly of the Ubc13 ligase complex. Importantly, 
ERAdP significantly facilitated TRAF6- and Ubc1l3-mediated 
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ubiquitination of NEMO (Fig. 4G). Additionally, ERAdP specif- 
ically enhanced K63-linked ubiquitination of NEMO, but not 
K48-linked ubiquitination (Fig. 4H). 

To verify these observations, we established an in vitro ubiq- 
uitination reconstitution assay. Incubation of all the essential recom- 
binant components catalyzed the ubiquitination of NEMO (Fig. 41). 
Actually, ERAdP indeed promoted NEMO ubiquitination (Fig. 41). 
More importantly, ERAdP could enhance Ubc13-mediated NF-kB 
reporter activation through luciferase reporter assays (Fig. 4J). In 
summary, ERAdP interacts with Ubc13 to facilitate K63-linked 
ubiquitination of NEMO. 


ERAdP potentiates the charging activity of Ubc13 


Ubc13 was reported to be regulated by deubiquitylase A20 (29). 
A20 can target Ubc13 for K48-linked ubiquitination to mediate 
its proteasomal degradation, leading to downregulation of NF-kB 
pathway. We found that Ubc13 and TRAF6 were very stable after 
24 h stimulation with PMA/IONO (Fig. 5A, 5B), and ERAdP 
silencing or overexpression did not alter the stability of Ubc13 and 
TRAF6. These data suggest that the regulation of Ubc13 stability 
is not involved in the ERAdP-induced NF-kB activation pathway. 

We next established an in vitro ubiquitin charging assay to 
determine whether ERAdP influence the charging activity of 
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FIGURE 6. Ubc13 is required for ERAdP-induced IFN-y production of NK cells. (A) Ubc13 is silenced in NKL cells. Ubc13 was knocked down and 
stably depleted NKL cell lines were established by puromycin selection. (B) Ubc13 silencing declines the ubiquitination of NEMO. Ubc13 silencing or 
scramble shRNA-treated (shCtrl) NKL cells were stimulated with PMA/IONO for 30 min. Cell lysates were precipitated with anti-NEMO Ab and sub- 
sequently immunoblotted with anti-ubiquitin Ab. (C) Ubc13 silencing reduces IFN-y expression. Ubc13 silencing or shCtrl-treated NKL cells were 
stimulated with PMA/IONO for 6 h, followed by quantitative RT-PCR assays for IFNG mRNA (upper panel). Supernatants of NKL cells after 24 h 
treatment with PMA/IONO were analyzed by ELISA assays (lower panel). (D) Flow cytometry analysis of intracellular IFN-y expression in Ubc13-de- 
pleted NKL cells after stimulation with PMA/IONO for 6 h. (E) The Ubc13 inhibitor can abolish the ubiquitination of NEMO. NKL cells were stimulated 
with PMA/IONO for 30 min with or without pretreatment of the Ubc13 inhibitor for 1 h. Lysates were immunoprecipitated with anti-NEMO Ab, followed 
by immunoblotting with anti-ubiquitin Ab. (F) The Ubc13 inhibitor disrupts the phosphorylation of IkBa with or without preincubation of the Ubc13 
inhibitor. Ubc13-depleted NKL cells were stimulated with PMA/IONO for the indicated times, followed by immunoblotting. (G) Flow cytometry analysis 
of IFN-y expression in NKL cells stimulated with PMA/IONO for 6 h with or without preincubation of the Ubc13 inhibitor or the NF-kB inhibitor. Data 
represent at least three separate experiments. **p < 0.01. 
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FIGURE 7. ERAdP Tg mice harbor hyperactivated NK cells that facilitate innate immune responses. (A) Flag-ERAdP is expressed in primary NK cells 
of ERAdP Tg mice. Primary NK cells were isolated from Flag-ERAdP-Tg (Tg) or Ctrl (WT littermates) mice spleens. Flag-ERAdP was detected by 
immunoblotting. (B) NK cell rates of ERAdP Tg mice are comparable to those of Ctrl mice. Mature NK cells (CD37 NK1.1*DX5*) from PBMCs and 
spleens of Tg and Ctrl mice were analyzed by flow cytometry. (C) ERAdP Tg NK cells produce more IFN-y. Primary NK cells isolated from Tg or Ctrl mice 
spleens were treated with PMA/IONO for 24 h. (D) ERAdP Tg NK cells generated more ubiquitination of NEMO with NK cell activation. Primary NK cells 
isolated from Tg or Ctrl mice spleens were stimulated with PMA/IONO for 30 min. The ubiquitination of NEMO was immunoprecipitated with anti- NEMO 
Ab and probed with anti-ubiquitin Ab. (E) ERAdP Tg NK cells produce more phosphorylation of IkBa. Primary NK cells isolated from Tg or Ctrl mice 
spleens were stimulated with PMA/IONO for the indicated times and detected by immunoblotting. (F) ERAdP Tg mice are resistant against L. mono- 
cytogenes infection. Survival curves were recorded for 10 d after Tg and Ctrl mice (n = 16/genotype) were i.p. injected with 2 X 10° L. monocytogens. (G) 
Depletion of NK cells in ERAdP Tg mice abolishes the resistance of L. monocytogenes infection. ERAdP Tg and Ctrl mice (Figure legend continues) 
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Ubc13. Intriguingly, we found that ERAdP significantly enhanced 
the charging activity of Ubc13 (Fig. 5C). Furthermore, ERAdP 
increased the Ubc13 charging activity in a dose-dependent manner 
(Fig. 5D). A chemical inhibitor (NSC697923) of Ubc13 was re- 
ported to inhibit the charging activity of Ubc13 and NF-KB acti- 
vation (30). We found that the inhibitor NSC697923 completely 
abolished the ERAdP-augmented charging activity of Ubc13 
(Fig. 5E). The Cys®’ mutation abolishes enzymatic activity of 
Ubc13 (16). We observed that the inactive C87A-Ubc13 mutant 
abolished the charging activity of Ubc13 (Fig. 5F). Importantly, 
the C87A-Ubc13 mutant failed to catalyze NEMO ubiquitination 
through an in vitro reconstitution assay system (Fig. 5G). More- 
over, the C87A-Ubcl3 mutant abolished ERAdP-reinforced 
NEMO ubiquitination (Fig. 5G). These data indicate that the 
charging activity of Ubc13 is required for its enzymatic activity. 
Taken together, ERAdP acts as an activator to enhance Ubc13 
charging activity. 


Ubc13 is required for ERAdP- initiated IFN-y production of 
NK cells 


To examine whether Ubc13 is involved in NK cell activation, we 
silenced Ubc13 expression in NKL cells and established stable 
Ubc13-silenced NKL cell lines (Fig. 6A). Interestingly, Ubc13 
depletion almost blocked NEMO ubiquitination with PMA/IONO 
stimulation (Fig. 6B). Additionally, Ubc13 silencing significantly 
declined IFN-y production of NK cells (Fig. 6C), which is similar 
to ERAdP depletion. These results were verified by flow cytometry 
assays (Fig. 6D). Furthermore, the Ubc13 inhibitor NSC697923 
completely blocked NEMO ubiquitination with PMA/IONO treat- 
ment in NK cells (Fig. 6E) or phosphorylation of IkBa (Fig. 6F). 
Accordingly, the Ubc13 inhibitor NSC697923 abolished IFN-y 
production of NK cells (Fig. 6G). The NF-kB inhibitor disrupted 
IFN-y production of NK cells as a positive Ctrl (Fig. 6G). These data 
suggest that Ubc13 is required for IFN-y production in NK cells. 

To further confirm that Ubc13 is required for ERAdP-mediated 
activation of NK cells, we silenced Ubcl3 in ERAdP-over- 
expressing NKL cells (Supplemental Fig. 3A). Intriguingly, Ubc13 
depletion remarkably impaired ERAdP-induced IFN-y produc- 
tion (Supplemental Fig. 3B). Consistently, the Ubc13 inhibitor 
NSC697923 completely abolished the ERAdP-induced IFN-y 
secretion (Supplemental Fig. 3C). In summary, Ubc13 is required 
for the ERAdP-induced IFN-y secretion in NK cells. 


ERAdP Tg mice harbor hyperactivated NK cells that facilitate 
NK cell-mediated immunity 


To further explore the physiological function of ERAdP in vivo, we 
tried to generate ERAdP knockout mice. However, full deletion 
of ERAdP caused early embryonic lethality at embryonic day 
6.5. Then we intended to establish ERAdP Flox mice for getting 
conditional knockout mice, but we failed after trying several 
strategies. Instead, we generated Flag-ERAdP Tg mice with a 
CD2 promoter—driven construct. Given that a Tg mouse model 
demonstrates overexpression of ERAdP in WT mice, we used the 
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ERAdP Tg mice only to explore the relevantly physiological 
function of ERAdP in bacterial clearance. Flag-ERAdP was 
overexpressed in primary NK cells of ERAdP Tg mice (Fig. 7A). 
Absolute numbers of mature NK cells (CD37 NK1.1*DX5*) in the 
periphery and spleen were similar in Tg mice compared with 
littermate Ctrl mice (Fig. 7B). However, Tg NK cells generated 
much more IFN-y than did Ctrl NK cells with PMA/IONO 
stimulation (Fig. 7C). Moreover, Tg NK cells caused increased 
ubiquitination of NEMO (Fig. 7D) and concomitantly led to 
higher phosphorylation of IkBa (Fig. 7E), suggesting that ERAdP 
Tg NK cells reinforce IFN-y production through the NF-«B ac- 
tivation pathway. 

L. monocytogenes can effectively infect immunocompromised 
hosts (including humans and mice) mainly by contaminated food. 
NK cells contribute to the first defense against L. monocytogenes 
infection via IFN-y secretion (9). Depletion of NK cells or IFN-y 
resulted in severe exacerbation of L. monocytogenes infection and 
death in mice (31). We used the L. monocytogenes infection model 
to detect whether ERAdP-induced IFN-y secretion exerted a crit- 
ical role in the defense against L. monocytogenes infection. We 
i.p. infected mice with a lethal dose of L. monocytogenes. Fourteen 
of 16 littermate Ctrl mice died within 10 d (Fig. 7F), whereas only 
5 Tg mice died until day 10. We depleted NK cells by i.p. injection 
of anti-Asialo GM1 mAb. We found that the resistance of Tg mice 
against L. monocytogenes infection was impaired upon depletion of 
NK cells (Fig. 7G), indicating that NK cells provided protection 
against L. monocytogenes infection. 

To further confirm that IFN-y plays a critical role in defense 
against L. monocytogenes infection, we infected mice with a sub- 
lethal dose of L. monocytogenes. As expected, Tg mice harbored 
a much lower L. monocytogenes load in spleens and livers than did 
Ctrl mice (Fig. 7H). Additionally, Tg mice had much more activated 
NK cells to generate IFN-y in spleens after early L. monocytogenes 
infection compared with Ctrl mice (Fig. 71). Accordingly, the IFN-y 
level was much higher in Tg serum than in that of in Ctrl mice 
(Fig. 7J). Finally, through in situ histological staining, we ob- 
served more IFN-y expression in splenic NK cells of Tg mice than 
that of Ctrl mice after L. monocytogenes infection (Fig. 7K). In 
summary, ERAdP-induced NK cell activation in Tg mice is more 
resistant to L. monocytogenes infection. 


Discussion 

NK cells play a pivotal role in the innate and adoptive immune 
responses through direct killing and cytokine secretion (2, 6). NK 
cell activation is controlled by a variety of activating and inhibi- 
tory receptors. However, the precise molecular mechanisms driving 
defined NK functions remain largely elusive. In this study, we 
identified a novel ER membrane protein, ERAdP, which is con- 
stitutively expressed in human and mouse NK cells. ERAdP is 
expressed at low levels in peripheral NKs of HBV-associated HCC 
patients, which is reminiscent of low expression of immune ef- 
fector molecules such as perforin and granzyme H (5). We iden- 
tified that ERAdP interacts with Ubc13 to potentiate its charging 


(n = 10/genotype) were i.p. injected with 2 X 10° L. monocytogenes after depletion of NK cells by anti-Asialo GM1 mAb. NK cell depletion was confirmed 
by FACS with anti-NK1.1 Ab staining. (H) Tg and Ctrl mice were i.p. infected with a sublethal dose of L. monocytogenes (3 X 10°). After 3 d, spleens and 
livers were homogenized with PBS and the supernatants were analyzed for bacterial load. (I) Flow cytometry analysis of IFN-y production in NK cells 
(CD37 DX5*NK1.1*IFN-y* cells) in the spleens from Tg and Ctrl mice at 24 h after 3 X 10° L. monocytogenes i.p. infection. (J) Serum IFN-y of Tg and 
Ctrl mice was detected by ELISA assays 3 d after 3 X 10° L. monocytogenes i.p. infection. (K) Immunofluorescence staining of IFN-y (red) and NK1.1 
(green) (upper panel), as well as immunohistochemistry staining of IFN-y (lower panel) in paraffin sections of spleens from Tg and Ctrl mice at 24 h after 
L. monocytogenes infection. Scale bars: upper panel, 5 um; lower panel, 50 pm. Data are representative of at least three independent experiments and are 
shown as means + SD. (L) A working model for the regulation of IFN-y production by ERAdP in NK cells through Ubc13-mediated NF-kB activation. 


*p < 0.05, **p < 0.01. 
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activity (Fig. 7L). Thus, ERAdP augments Ubc13-mediated NEMO 
ubiquitination to trigger the Ubc13-mediated NF-kB pathway, leading 
to NK cell activation. Importantly, ERAdP Tg mice have hyperac- 
tivated NK cells that are more resistant to infections. 

Bc110, a caspase recruitment domain (CARD) protein, asso- 
ciates with Malt! adaptor protein as a major regulator of TCR- and 
BCR-mediated NF-kB activation (32, 33). Carmal (also termed 
CARD11 and Bimp3) interacts with Bcl10 through CARD-CARD 
interaction. These three proteins form the CBM complex (34, 35). 
Ligand engagement first activates the receptor-associated Src 
kinases to mediate phosphorylation of Carmal. Carmal phos- 
phorylation initiates the CBM complex assembly, which recruits 
the ubiquitination machine E3 (TRAF6)/E2 (Ubc13) complex and 
the IKK complex (13). The ubiquitination of NEMO and phos- 
phorylation of IKKa/B lead to full activation of the IKK complex 
and subsequent NF-kB activation. Hara et al. (36) reported that 
Carmal or Bcl10 deficiency abolishes cytokine/chemokine pro- 
duction of NK cells owing to impaired NF-kB activation, sug- 
gesting that the CBM complex may play an important role in 
NK cell activation. In this study we observed that ERAdP did 
not affect the assembly of the CBM complex, but it facilitated 
the NEMO ubiquitination by promoting the charging activity of 
Ubc13. Moreover, ERAdP could positively induce cytokine pro- 
duction of NK cells, which is reminiscent of the CBM complex- 
mediated NF-kB activation pathway (37, 38). 

Ubc13 has been reported to be regulated by deubiquitylase A20, 
OTUB1, and the Shigella flexneri effector OspI (29, 39, 40). 
A20, together with TAX1BP1, interacts with Ubc13 and UbcH5c, 
resulting in its ubiquitination for degradation, which down- 
regulates NF-kB activation (29). OTUB1 directly binds to and 
inhibits Ubc13 to suppress double-stranded break—induced histone 
ubiquitination, independent of its deubiquitylase activity (40). The 
interaction of OTUB1 and Ubc13 positions the N-terminal helix of 
OTUB1 to interfere with Uevla binding to Ubc13 and the sub- 
sequent attack on the thioester bond by the Uevla-linked acceptor 
ubiquitin. Recently, OspI was reported to suppress the TRAF6- 
mediated signaling pathway and restrain acute inflammatory 
responses against bacterial infection (39). OspI is a glutamine 
deamidase and deamidates the residue Glu! of Ubc13 to form 
a glutamic acid residue. This modification abolishes the ubiquitin 
charging activity of Ubc13, leading to inactivation of the NF-kB 
pathway. In this study, we showed that ERAdP directly binds to 
Ubc13 and potentiates its charging activity as a positive regulator. 

ERAdP robustly interacts with Ubc13 after NK cell activa- 
tion upon PMA/IONO stimulation or crosslinking with activating 
receptors. Actually, ERAdP was observed to bind Bcl10 after NK 
cell activation (data not shown). Given that the CBM complex was 
reported to recruit TRAF6/Ubc13 complex, it is possible that the 
assembled CBM complex in activated NK cells acts as a scaffold 
to mediate ERAdP—Ubc13 interaction. This phenomenon needs 
further investigation. 

Secretion of soluble cytokines by NK cells in early innate im- 
mune responses significantly impacts the recruitment and function 
of other hematopoietic cells to exert their physiological roles. 
Besides promoting IFN-y production, ERAdP could induce se- 
cretion of other cytokines such as TNF-a and GM-CSF (data not 
shown). IFN-y is mainly produced by NK cells at early stages of 
a variety of immune responses (41, 42). IFN-y can act directly on 
CD8* T cells to increase their numbers upon viral infection (43). 
We previously showed that IFN-y produced by NK cells exerts 
a crucial role for the priming of CTL responses for tumor rejection 
(6). Many studies showed that NK cells and secreted IFN-y are 
implicated in the resistance against several infectious diseases, in- 
cluding CMV, HIV, Mycobacterium tuberculosis, L. monocytogenes, 
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and hepatitis virus (9-11). In this study, we showed that ERAdP Tg 
mice augment NK cell activation and IFN-y generation that exert 
a critical role in the eradication of intracellular pathogens such as 
L. monocytogenes. We are still investigating the ERAdP-induced 
eradication of virus infection. Therefore, understanding the mech- 
anism of ERAdP-mediated NK cell activation will provide strate- 
gies to treat infectious diseases for future clinical implications. 
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